A white-rot basidiomycete, Phlebia tremellosa, produced a laccase that showed increased activity during degradation of phthalates. A laccase was purified through the ion exchange chromatography and preparative gel electrophoresis, and the estimated molecular weight was 75 kDa. The optimum pH and temperature of the purified laccase was pH 4.0 and 20 1C, respectively. The K m value of the enzyme was 55.7 mM, and the V max was 0.0541 OD min À1 U À1 for o-tolidine. Purified laccase reduced the estrogenic activity of four different endocrine-disrupting chemicals. However, this effect was reduced by a laccase inhibitor, kojic acid, which confirmed that the laccase was involved in the removal of estrogenic activity.
Introduction
White-rot fungi can completely mineralize lignin, the second most abundant organic carbon in nature, and this ability aids carbon recycling in nature. They possess lignindegrading enzymes such as laccase, lignin peroxidase, manganese peroxidase and glucose oxidase for the supply of hydrogen peroxide (H 2 O 2 ) for the peroxidase reactions. Laccases (benzenediole: oxygen oxidoreductase, EC 1.10.3.2) are multicopper blue oxidases, which are widely distributed in plants and fungi. Laccases catalyze the oxidation of a range of inorganic and aromatic substances by the removal of electrons with the concomitant reduction of O 2 to water (Xu, 1996) . This enzyme is involved in conidiophore pigmentation and its expression is therefore regulated by developmental stage in Aspergillus nidulans (Clutterbuck, 1990; Scherer & Fischer, 1998) . In the case of Cryptococcus neoformans, which is pathogenic to humans, the fungal cell's survival inside a human macrophage depends on the laccase reaction, and this is linked to the fungal pathogenicity (Panepinto & Williamson, 2006) . There have been many attempts to analyze the roles of laccases in the degradation of lignin and other recalcitrant compounds by white-rot fungi. When Trametes versicolor was grown with 2,4,6-trinitrotoluene (TNT) and its catabolic intermediates, the fungal culture showed increased laccase activity and expression (Cheong et al., 2006) . Laccase was considerably induced by xenobiotic 2,5-xylidine in T. versicolor (Kollmann et al., 2005) .
The environment is becoming more contaminated by diverse recalcitrant compounds, including the steroid hormone-mimicking compounds that disrupt the endocrine hormonal system. Many endocrine-disrupting chemicals (EDCs) exhibit estrogenic activities, and there should be methods to degrade the EDCs and/or remove the estrogenic activity. There are reports of the degradation of EDCs by biological methods using bacteria (Li et al., 2006; Xu et al., 2007) and white-rot fungi (Cabana et al., 2007a; Shin et al., 2007; Tamagawa et al., 2007) . Fungi that possess lignindegrading enzymes are potential candidates for the degradation of recalcitrant compounds including EDCs.
We have obtained an isolate of the white-rot basidiomycete, Phlebia tremellosa, from a forest near Seoul, Korea, and this showed good growth on potato dextrose agar (PDA) with several EDCs. When this fungus was grown in a liquid medium containing EDCs, laccase and lignin peroxidase activities increased. We have analyzed the degradation of phthalic esters in a liquid culture of P. tremellosa by HPLC and have also reported the increased expression of laccase during the degradation of phthalates (Yeo et al., 2008) . A laccase from P. tremellosa was purified and was used to remove the estrogenic activity generated by four different EDCs.
Materials and methods

Fungal strain and growth condition
A monokaryotic P. tremellosa isolate (Pt0-5: Yeo et al., 2008) was grown on PDA for 5 days, and transferred to potato dextrose broth (PDB) for 5 days. Whole cultures were ground in a Waring blender, and the homogenates were transferred to fresh PDB (300 mL in a 1-L flask) for 7 days to obtain the highest laccase activity.
Laccase purification and biochemical characterization of purified enzyme
Liquid culture supernatant was collected by filtration through Whatman no. 1 paper. The filtrate was mixed with cold ethanol (concentration 60%) to remove polysaccharides and proteins by centrifugation (6000 g, 15 min), and more ethanol was added to the supernatant to obtain an 80% solution to precipitate the residual protein. The pellet was harvested by centrifugation at 6000 g and washed with acetone four times to remove H 2 O completely.
The crude protein pellet was dissolved in 30 mL of 20 mM Tris buffer (pH 7.0) and loaded on a DEAE-Sepharose CL-6B ion exchange column (3.5 cm Â 40 cm), which was equilibrated with 20 mM Tris buffer (pH 7.0). The column was washed with 500 mL of buffer A, and the enzyme fraction was eluted with a linear concentration gradient of 0-0.5 M NaCl in the same buffer at a flow rate of 0.5 mL min
À1
. The fractions showing laccase activity were collected and concentrated by ultrafiltration. The enzyme protein was separated by 10% preparative gel electrophoresis (Prep Cell, Bio-Rad) at a flow rate of 4.8 mL h À1 .
The molecular weight (MW) of the purified protein was analyzed by 10% sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) with protein MW markers.
Laccase activity was assayed by following a previous report using o-tolidine as the chromogenic substrate (Ko et al., 2001) . The optimum pH was determined with acetate buffer (0.1 M, pH 2.6-5.0), and the optimum temperature was determined within the range 5-50 1C, with o-tolidine dissolved in acetate buffer (pH 4.0) as the enzyme substrate. K m and V max for o-tolidine (pH 4.0, 20 1C) were determined by measuring initial velocity at five different substrate concentrations (0.2-1.0 mM). All kinetic studies were performed at least three times and the kinetic data were fitted to hyperbolae using the Michaelis-Menten equation. The N-terminal amino acid sequence of the purified laccase was analyzed by gel permeation chromatography (Protein Pak 300SW, 7.5 mm Â 300 mm column, Waters) in the Protein Analysis Lab in the Central Laboratory of Kangwon National University.
Removal of estrogenic activity generated by EDCs using purified laccase Kojic acid, a fungal tyrosinase and laccase inhibitor (Murao et al., 1992) , was mixed with the purified laccase (50 U) at different concentrations from 0 to 20 mM, and then the enzyme activity was determined. Four different EDCs, benzylbutylphthalate (300 mg L ), were added to laccase enzyme solution (50 U) with or without kojic acid (20 mM, final concentration). Laccase activity was measured after a 3-h incubation, and the estrogenic activity was determined using the yeast two-hybrid system developed by Nishikawa et al. (1999) . fusion protein in a plasmid had a Gal4 DNA-binding site in the upstream of the b-galactosidase gene. This yeast twohybrid assay system was a kind gift from Dr Nishida at Shizuoka University, Japan. Relative estrogenic activity was measured by comparing the b-galactosidase activity.
Results and discussion
Biochemical characteristics of purified laccase
Phlebia tremellosa monokaryon (Pt0-5) produced the highest laccase activity in PDB on day 7. A laccase was purified successfully using ion exchange chromatography and preparative electrophoresis, which appeared as one band in SDS-PAGE analysis (Fig. 1) . Its MW was determined by SDS-PAGE as about 75 kDa, and this was higher than the MW estimated by the deduced amino acid sequence excluding the N-terminal signal peptide (53.7 kDa), which meant that laccase of P. tremellosa was a glycoprotein, as in other fungal laccases (Ko et al., 2001; Baldrian, 2006) . The optimum pH was 4.0, and the optimum temperature was 20 1C (Fig. 2a and b) . The K m value for o-tolidine was 0.0557 mM, and V max was 0.0541 (OD min À1 U À1 ) (Fig. 2c) .
These parameters were better than those of a laccase from Ganoderma lucidum, which showed a K m of 0.4106 mM and a V max of 0.0198 (OD min À1 unit À1 ) (Ko et al., 2001) .
The N-terminal amino acid sequence was A-I-G-P-V, which was part of the deduced amino acid sequence (#22-#26) of laccase cDNA (Yeo et al., 2008) .
Removal of estrogenic activity by purified laccase
Laccase activity was inhibited to about 10% of control activity by 20 mM of kojic acid (Fig. 3a) , and was also decreased to almost 10% when four different EDCs were mixed in the presence of 20 mM kojic acid (Fig. 3b) . The removal rates of the estrogenic activity generated by four different EDCs were also decreased by the addition of kojic acid (Fig. 3c) . Laccases have been reported in many other white-rot fungi, which are involved in the degradations of diverse recalcitrant compounds such as dyes (Champagne & Ramsay, 2005; Ben Younes et al., 2007) . Purified laccase from five different white-rot fungi could also remove EDCs even though bis(4-hydroxyphenyl)sulfone, diethylhexylphthalate, pyrene, anthacene, 3,5-dichlorophenol and pentachlorophenol could not be removed by laccase (Sei et al., 2008 ). An immobilized purified laccase from the white-rot fungus Coriolopsis polyzona could remove three EDCs (bisphenol A, nonylphenol and triclosan) (Cabana et al., 2007b) . Kojic acid inhibited both the purified laccase activity and the removal rate of estrogenic activity by laccase. This indicates that P. tremellosa laccase reduces the estrogenic activity of EDCs, and has potential for use in the removal of toxicity of EDCs.
